Abstract -A hierarchical modulation method is proposed for providing local content in a hybrid satellite and terrestrial single frequency network such DVB-SH. The hierarchical modulation is used to transmit both global and local content in terrestrial transmitters. The global content is transmitted with high priority layer of the hierarchical modulation, and the local content is modulated with the low priority layer of the hierarchical modulation. The satellite transmits global content only. The performance of the hierarchical system for both global and local content is analyzed.
previously [3] . The purpose of this paper is to propose a mechanism to provide local content in a hybrid satellite and terrestrial SFN. The proposed system is a hierarchical modulation system in which the local content is transmitted by the low priority bit stream. Analysis will be made to evaluate the performance of the system for both local and global content.
The organization of the paper is as follows. In section II, the proposed system is described. Section III makes comparison of hierarchical system with QPSK system, and establishes a theoretical framework to analyze the performance of the system. In Section IV, two configurations of a hybrid system with hierarchical modulation are given, and their performances are analyzed.
II. THE PROPOSED SYSTEM
The baseline system is a hybrid satellite and terrestrial single frequency network, in which the QPSK constellation is used for both satellite and terrestrial transmissions. The baseline system provides global content which is broadcast to all mobile terminals in the service area covered in the network.
The proposed system uses a hierarchical modulation for the terrestrial transmitters in the baseline system. In addition to broadcasting the global content of the baselines system, the proposed hierarchical system also provides local content from terrestrial transmitters. Local content is added to terrestrial transmitters as needed.
The terrestrial transmitters that have overlapping coverage area form a cluster. Local content in a cluster is targeted to mobile terminals within the coverage area of the cluster. Local content transmitted by transmitters within a cluster must be the same, but the local content may be different between clusters. Different clusters may provide different local content.
The satellite broadcasts global content only. The parameters of the satellite transmission are the same as in the baseline system. A terrestrial transmitter may transmit only the global content, or both the global and local content. A terrestrial transmitter providing only the global content uses the QPSK modulation as in the baseline system. A terrestrial transmitter providing both the global and local content uses a 16-QAM hierarchical modulation.
In a hierarchical modulation, the constellation is allowed to be non-uniform. A hierarchical modulation carries two separate and independent bit streams. The high priority (HP) bit stream is modulated with constellation separated by the quadrants, and the low priority (LP) bit stream is modulated by the constellation within each quadrant. In the DVB standards, [1] [2] , the hierarchical parameter α is defined as the minimum distance separating two constellation points carrying different HP bit values divided by the minimum distance separating any two constellation points. As shown in Figure 1 , if the minimum distance between two constellation points from two different quadrants is a , and the minimum distance between two constellation points within a quadrant is b , then the hierarchical parameter b a = α .
In the proposed system, the HP bit stream is used to transmit global content and the LP bit stream is used to transmit local content. Figure 1 illustrates the hierarchical modulation for the global and local content. The global content and local content may use separate channel coding configurations. The error correction code and code rate of the global content must be the same as those in the baseline system.
Terrestrial transmitters in a cluster must use the same hierarchical parameter α and the same error correction code and code rate. Transmitters in different clusters may choose different hierarchical parameters, and/or different error correction codes and code rates for the local content in LP. For example, transmitters in one cluster may use the convolutional code of code rate 1/3 for the local content, while transmitters in another cluster may use Turbo code of rate 2/3 for their local content. Figure 2 illustrates the proposed hybrid hierarchical satellite and terrestrial single frequency network capable of providing local content. This provides flexibility for terrestrial transmitters to transmit local content with different bit rate and error protection to meet the link budget of each individual cluster.
In this proposal, the value of α is not transmitted explicitly, because there may not be a unique α in the network. Instead, the hierarchical parameter α is embedded in the modulation to be described later. This requires an extension of hierarchy information in the TPS signal of the DVB-SH standard. When the TPS signaling indicates nonhierarchical transmission, this should be interpreted in the new proposed system as either non-hierarchical transmission, or hierarchical transmission with a varying α in which the receiver needs to detect the presence of local content using the modified pilots described below. The detection of local content will be discussed in Section III. Both satellite and terrestrial transmitters in the same network with varying α must transmit the same special value in the hierarchy information of the TPS signal.
The value of α may be embedded in the modulation by using the pilots in the DVB-SH OFDM symbols. For a given subcarrier location where a pilot is located, let the pilots in the existing DVB-SH standard be ordered as ,...
The index i is the index of OFDM symbols, incrementing with time over one subcarrier. These pilots are BPSK modulated in the existing DVB-SH. For continual pilots, which appear at the same subcarriers all the time, the proposed modified pilots will be modulated as
For scattered pilots, which are located at different subcarriers in different OFDM symbols, the pilots will be modified as follows. First, if an existing scattered pilot appears at subcarrier k with OFDM symbol i , the same subcarrier of OFDM symbol 1 + i will be used as a modified pilot. In this way, a modified pilot will always appear twice (in time) at the same subcarrier no matter whether it is a continual or scattered pilot. Secondly, the two scattered pilots located at subcarrier k with OFDM symbols i and 1 + i are modified as 1 , 1
Note that in above definitions, the subcarrier index k is omitted. The design of the modified pilots guarantees not only that a modified pilot of any subcarrier location appears in at least two OFDM symbols, but also that the vertical components of the two consecutive modified pilots have opposite polarity. This design will assist channel estimate to be discussed later.
The modified pilots are illustrated in Figure 3 . The distance between a modified pilot and the original pilot is exactly the distance between two constellation points in the same quadrant of the 16-QAM modulation divided by the minimum distance between the four centers, each of which is formed by taking the average of the four constellation points within a quadrant. The modified pilots provide a mechanism for a receiver to detect the hierarchical information. The modulation of TPS signal can be modified similarly as shown in Figure 3 . The modified TPS signal is modulated so that information such as the code rate for the LP bit stream is transmitted with the modified TPS signal. Adding of information such as code rate for the LP bit stream into the TPS signal is similar to adding local content to the global QPSK constellation. The added information will impose a penalty to TPS reception, similar to the penalty on the global content due to the insertion of local content.
The modified pilots also impose a penalty on transmission power because they carry higher energy than the original 
Receivers
In order to receive the local content, a receiver must be capable of demodulating a signal with hierarchical modulation as described in section 2.1.
The modified pilots, Figure 3 , are used for the receivers to determine whether the received signal is hierarchically modulated, and if yes, what the value of α is. When a hierarchical modulation is detected, the global and local content are extracted from the HP bit stream and the LP bit stream, respectively, and they are separately decoded with possible different error correction codes and code rates.
When no hierarchical modulation is detected, either due to the signal being QPSK (transmitted by the satellite, for example), or due to the inability to detect the 16-QAM (because α is too large, or the signal is too noisy due to a weak signal power), only the QPSK signal will be demodulated, resulting in global content only. A receiver needs to detect whether local content is present and demodulate the local content automatically without user configuration. The detection is assisted with the modified pilots. A receiver can be designed to extract the global and local content as described in [3] . The receiver of [3] extracts the global content from the received signal first, and then extracts the local contents by using the decoded global content. [3] also proposed an iterative scheme in which after the local content is extracted, the local content is further used to improve the decoding of the global content, which is in turn used to improve the decoding of local content and so on.
III. PERFORMANCE ANALYSIS
Performance comparison of the proposed hierarchical system with the baseline system will be made in this section.
The parameter α controls the error characteristics of bits in the global content and local content. A large value of α provides more reliable transmission channel for global content, but a more noisy channel for the local content. A small value of α , on the other hand, reduces reliability of the global content, but increases the robustness of the local content. A detailed analysis of the tradeoff between the global content and local content with different values of α can also be found in [3] .
In a region covered by the satellite only, there is only a QPSK signal. The proposed hierarchical system behaves exactly the same as the baseline system (QPSK modulation), and only the global content is available.
Near a terrestrial transmitter with local content transmission, where the terrestrial signal dominates, the system performs as the 16-QAM system with hierarchical modulation. With the same transmitting power as the baseline system, the performance of the global content bits in the hierarchical system will be degraded as compared to the baseline system. The degradation is due to sharing the transmitting power between the global content and local content. The degree of degradation is a function of parameterα ; the larger α is, the smaller the degradation is, see [3] , and the analysis later in this section.
The degradation of the global content as compared to the baseline system can be handled with the following three options:
a) Do nothing
In this option, the coverage area of the transmitter in which the global content can be reliably received is reduced. The local content is added at the expense of the reduced coverage of the global content. The amount of degradation will be analyzed in details later in this section.
b) Increase the error protection of global content
In this option, the code rate of the global content can be reduced to provide more error protection to the global content, so that the area in which the global content can be reliably received is the same as the baseline system. Consequently, the user data rate of the global content is reduced, and the local content is added at the expense of the reduced bit rate for the global content. A disadvantage of this option is that it affects configuration of entire network, even when the local content is added to only one terrestrial transmitter.
c) Increase transmitter power
In this option, the transmitting power is increased to offset the degradation of the global content, so that the global content has the same bit rate and performance as the baseline system. The local content is added at the expense of additional transmitting power. An advantage of this option is that it provides the flexibility to each individual terrestrial transmitter. This makes the expansion, upgrading of the network easy. When local content is needed in a geographic region, only the terrestrial transmitters within that region need to be reconfigured or upgraded. The other parts of the network will not be affected in any way. However, it may not always be possible to increase the transmitting power because the baseline system may already be transmitting at the maximum power allowed by government regulations.
In the hybrid region, where both the satellite and terrestrial signals are present with similar strength, the satellite signal, which carries global content only, adds constructively with the global content bits of the terrestrial transmitter, assuming synchronization is properly maintained as in the baseline system. The global content bits in the proposed system will have same benefit of the SFN gain as the baseline system. Therefore, the presence of the satellite signal helps the reception of the global content in the terrestrial transmission.
The presence of the satellite signal has no or little effect on the performance of the local content bits in the terrestrial signal. This is because the adding of the satellite signal to the terrestrial signal does not affect the decision distance of the LP constellation points modulated with the local content bits. This will be further discussed in subsection 3.3.
Next, the performance of each of the global content and local content bits will be analyzed. The analysis will provide guidelines on how to choose network configuration parameters to make trade-off of bitrate/performance between the global content and the local content.
One important measurement of the system performance is the bit error ratio (BER). We are interested in the BER in the global and local content bit streams, with different values of α . While it is possible to obtain BER results by simulations, the computation would be very intense if the BER measurements must be made with different values of α , different code rates for both global and local content.
On the other hand, the BER results for QPSK in AWGN channel with various code rates of Turbo coding are well known; see, for example, [4] and [5] . In this section, we will develop an analytic tool that will allow us to obtain the BER for both the global and local content with different values of hierarchical distance α , based on the simulation results of BER for QPSK modulation. This is achieved by using a concept of effective Es/No. All analysis will be performed under the assumption of the AGWN channel.
Effective Es/No
In the proposed hierarchical system, the received power is shared by the global content and local content. The total received power, therefore, can be split between them, yielding effective power per symbol (Es) over noise (No) for global content and local content. The performance of the each can be The power of local content constitutes an additional noise to the global content, and therefore, the effective energy to noise ratio for global content is
We note that the noise represented by the local content is not Gaussian distributed. Strictly speaking, the noise in the denominator of (2) is not Gaussian distributed, but it can nevertheless be sufficiently approximated in practice by a Gaussian noise. The simulation results presented later also support this assumption.
The effective energy to noise ratio for local content is simply
With these definitions, the received C/N is given by
In terms of the hierarchical parameter α as defined in (5) where G and L are given by equations (2) and (3), respectively.
Combining equations (4) and (5), the effective energy to noise ratios are given by
In above equations, CNR is the carrier to noise ratio (C/N) of the hierarchically modulated signal at the receiver.
Equations (6) and (7) The effective Es/No can be used to derive BER of global and local content as a function of C/N in the received signal.
C/N requirements for global and local content
In the proposed hierarchical system, each of the global content and local content is effectively modulated with QPSK. For a given C/N of the received hierarchical signal, the effective Es/No of the QPSK for each of the global and local content can be calculated by (6) and (7), respectively, as shown in Figure 6 . The BER curve of QPSK as a function of Es/No in AWGN is well known, and with the help of it, BER of the global and local content can be computed for various combinations of code rates, values of α and C/N.
For example, in order to find the BER of the global bits in AWGN for given C/N and α , equation (6) is used to compute the effective Es/No for the given C/N and α . Then the resulted Es/No is used to find the corresponding BER in the BER vs Es/No curve of the QPSK modulation. Similarly, the BER for local content is found by using equation (7). Table 1 shows the required C/N in dB to achieve error rate of BER ≤ 10 -5 in AWGN channel for various code rates using the Turbo code as defined in DVB-SH. The required C/N values in column 2 for QPSK are quoted from the DVB-SH implementation guideline [5] . Columns 3 and 4 are the required C/N values for the hierarchical 16-QAM (α = 2) to achieve the same BER performance. The required C/N values in column 3 for global content are derived from equation (6) and column 2. To find the required C/N for a given code rate, use the corresponding value in column 2 (QPSK) as G in equation (6), and solve for CNR from it (with α = 2). Similarly, the required C/N values in column 4 for local content are derived from equation (7) and column 2. [7] is given in Table 2 , which shows the required C/N values in dB for the hierarchical 16-QAM to achieve error rate of BER ≤ 10 -5 in AWGN channel. Among all code rates, in both the global and local content, the maximum difference between the theoretical results of this paper and the simulation results of [7] is 0.2dB. It is also possible to plot the curves of BER vs C/N for various values of hierarchical distance α , by using the BER curve for the QPSK modulation and the process described earlier. Examples will be given in the next section.
Effect of satellite signal on the terrestrial global and local content
In this subsection, we analyze how the satellite signal, consisting of global content only, will affect the global and local content of the terrestrial signal in a hybrid region where both the satellite and terrestrial signals are present. 
In (8) and (9), 
where h k N is the additive noise, and
Equation (10) shows that in the received hybrid signal, the relative geometry of the constellations for the global and local content is, in general, no longer the same as that depicted in First, we consider the effect of the satellite signal on the performance of the global content in the terrestrial signal. We rewrite the received terrestrial signal of (9) as
The first term on the right hand side (RHS) of (12) is the global content constellation, and the second and third terms on the RHS of (12) represent noise to the global content, whose effect has been studied in the previous subsections. Comparing (12) to (10), we find that the noise to the global content is the same in the terrestrial signal (12) and the hybrid signal (10), satellite signal plus terrestrial signal, but the global content constellations are different, for the hybrid signal. When the satellite propagation path and the terrestrial propagation path are independent, which is a reasonable assumption in reality, we have Therefore, the global content in the hybrid signal has a better performance than that in the terrestrial signal alone. The performance is gained by a factor of ) (
This performance gain represents the SFN gain due to the availability of both terrestrial and satellite signals. Note that this SFN gain is realized even though the satellite signal, which contains global content only, is different from the terrestrial signal, which contains both the global and local content. As shown in (14), the stronger the satellite signal is (relative to the terrestrial signal), the higher the gain is. Next, let us discuss the effect of the satellite signal on the local content of the terrestrial signal. For this purpose, we assume the receiver is designed as described [3] in which the global content is first extracted from the received signal, after which the local content is then extracted.
Therefore, to consider the performance of the local content, we assume the global content has been extracted (successfully). When the received signal consists of terrestrial signal only, the extraction of local content is based on the following equation reformulated from (9) or (12)
In equation (15), the left hand side (LHS) is assumed to be known because the global content has been decoded. We will see how to estimate channel responses (15) and (16) shows that the decision distance in both cases is the same, and the noise power is the same too. This concludes that the performance of the local content is the same for both the terrestrial-only and the hybrid signals. The presence of the satellite signal does not degrade the performance of local content in the terrestrial signal.
It is worthwhile to point out that with the implementation of the receiver as described in [3] , the presence of the satellite signal in fact helps slightly the performance of the local content. This is because the LHS of (16) may be more accurate than the LHS of (15) due to the SFN gain of the global content as discussed earlier. In other words, since the demodulation and decoding of the local content depend on the successful decoding of the global content, the SFN gain of global content due to the presence of satellite signal makes the successful decoding of local content more likely.
Channel estimation
The channel responses to be in the definition of the modified pilots is so that (17) can represent both the modified pilots as well has the hierarchical modulated constellation consisting of both global and local content. Because of this, the parameter α does not explicitly participate in the receiver processing, as we will see shortly.
At a subcarrier k where a modified pilot is located, the two pilots received in two consecutive OFDM symbols can be written as
where the subscripts 1 and 2 signify the two time instances. In 
In (19), the quantities with subscript 1 or 2 are known. On the LHS, they are the vector components of the known transmitted modified pilots, and on the RHS, they are the received signals. Equation (19) 
where ( ) 1 Ã is interpreted as either 1) no local content is transmitted, or 2) the local content is too weak to be detected, which is the case when, for example, the receiver is too far away from the terrestrial transmitter of the local content.
Finally, we point out that the accuracy of the channel estimate only depends on the power of noise 
Subtracting (18) from (19), and applying the definition of the modified pilots, we find the errors in channel estimates satisfy
Equation (22) 
Effect of non-AWGN channels
The analysis performed above is under the assumption of AWGN channel, and it has not taken into consideration of multipath propagation and mobile reception. There has been study [8] showing that MER degradation exists because of the combination of different propagation paths in an SFN, and that an increase of the C/N due to the co-existence of different rays may not be beneficial for the reception process [8] . In addition, if signal fading is fast enough so that there is a significant channel change between two consecutive OFDM symbols, the channel estimate of section 3.4 may not be adequate. As a result, the more challenging reception conditions of a mobile network may degrade the performance of the proposed system as predicted by the analysis. Physical layer simulations and field experiments are necessary tools to aid the design of such a system for a mobile network.
IV. EXAMPLES OF THE PROPOSED SYSTEM
Two examples of system configuration to provide local content in a hybrid hierarchical modulation SFN will be given in this section. In the first example, the value of α is limited to those allowed by the existing DVB-SH standard, and in the second example, a non-integer value of α is used.
In both examples, the baseline QPSK system is a DVB-SH system with the following parameters:
• Bandwidth = 5MHz
• FFT size = 2K
• GI length = 1/8
• Turbo coding code rate = 2/3
• User data rate (MPEG) = 4.937 Mbps • Targeted BER after Turbo coding = 10 -5 in AWGN
The baseline system with these parameters will also be referred to as Reference Configuration (RC) in the rest of this section.
Local content will be added to the baseline system using a hierarchical modulation with parameter α . The desired user data rate of the local content is 1.55 Mbps. The code rate of 2/9 for the local content supports a user data rate of more than 1.64 Mbps. Therefore, in both examples, the code rate for the local content in LP will be 2/9. The global content in HP has the same code rate as the baseline system. In both examples, the terrestrial transmitters with local content maintain the same transmission power as the baseline system. Therefore, the addition of the local content will degrade the global content as compared to the baseline system. Analysis will be made to assess the degree of degradation, and the configurations will be made to minimize the degradation, to the extent of meeting other constraints. All analysis will be performed under the assumption of the AGWN channel.
Example Configuration 1
In the first configuration, the hierarchical parameter α will be limited to the integer values allowed by the DVB standards [1] , [2] , namely, [2] . The details of the system parameters are given in Table 3 . In this configuration, for the global content bits to achieve the BER requirement of BER ≤ 5 10 − in AWGN, the required C/N is 5.2dB as compared to 3.5dB needed in the baseline system to achieve the same performance. Therefore, the global content in the hierarchical system represents an 1.7dB degradation. For the local content bits to achieve the BER requirement of BER ≤ 5 10 − in AWGN, the required C/N is 6.9dB, which is 3.4dB higher than the baseline system. The BER curves of the baseline system, global content bits and local contents can be derived by using (6), (7) and the simulation results for QPSK from [4] . The BER curves for the current configuration of the hierarchical system are shown in Figure 7 .
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Example Configuration 2
In this configuration, the hierarchical parameter α will not be limited to the integer values allowed by the DVB standards [1] , [2] . The goal is to choose a value of α so that both global and local content bits have the same BER performance. In other words, the goal is for both the global content and local content to have the same coverage area. The parameter 6 . 1 = α meets this goal. The details of the system parameters are given in Table 4 . As before, the required C/N for the baseline system to achieve BER = 5 10 − in AWGN is 3.5dB. As compared with example configuration 1, the value of α is decreased in this configuration. Consequently, the performance of global bits is degraded as that of local bits is improved. The required C/N for global and local bits to achieve BER = 5 10 − in AWGN are about 5.85dB and 5.8dB, respectively, as shown in Table 4 . The BER curves for the baseline system, the global content and local content of the hierarchical system as functions of C/N of the received signal are shown in Figure 8 . AWGN (alpha=1.6) 1.E-06
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1.E-01 The BER curves are derived from simulation results for QPSK in [4] and equations (6) and (7).
V. CONCLUSION
Hierarchical modulation can be used to provide local content efficiently in a satellite/terrestrial hybrid single frequency network. Together with the error correction code rate, the hierarchical parameter α can be adjusted to meet performance requirements of a system, such as bit rate of local content. The proposed hierarchical modulation system is also flexible in network planning and network expansion by allowing different system configuration parameters to be chosen for different terrestrial transmitters in the same network, according to link budget requirement of different geographic regions.
